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Introduction 
Production of more than 400 recombinant proteins have 
been reported with the mut+ strain of the methylotrophic 
yeast Pichia pastoris by linkage to the alcohol oxidase 1 
(AOX1) promoter and by applying high cell density fed-
batch fermentations (Lin-Cereghino et al. 2002; Tschopp 
et al. 1987; Cregg et al. 1985). The most widely utilized 
fer mentation approach at both the bench-top and commer-
cial scale consists of a four-step fed-batch process (Strat-
ton et al. 1998). During the fi rst step, cell mass increases 
by allowing the culture to grow on defi ned medium with 
glycerol as the carbon source. A glycerol fed-batch phase 
is then initiated to further increase the culture mass and to 
begin transition ing the cells from glycerol to methanol, the 
inducing carbon source. Methanol is delivered to the cul-
ture at low levels in the transition phase, whereas the glyc-
erol feed is either dis continued or continued at a nonrepres-
sive rate. The fourth phase, production, typically requires 
a continuous feed of methanol. While fermentation meth-
ods have been devel oped with glycerol/methanol mixed 
feeds (Katakura et al. 1998; Zhang et al. 2003), the typical 
fermentation strategy uses methanol as the sole source for 
carbon and energy (Zhang et al. 2000a). 
Because methanol is inhibitory at levels greater than 4– 
6mg l−1, feed rates must be controlled during production 
(Katakura et al. 1998; Zhang et al. 2000b). The classical 
protocol incorporates a dissolved oxygen spike to control 
residual methanol, while the methanol feed rate is arbi-
trarily increased as culture density increases (Stratton et al. 
1998). Van Heeke et al. (1996) was the fi rst group to de-
velop a fermentation process to produce recombinant ovine 
interferon-τ (rOvIFN-τ) based on this method. However, 
when applied to fermentations completed in our laboratory, 
rOvINF-τ yields were insuffi cient to meet the needs of the 
planned clinical trials, and run-to-run variability was so ex-
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Pichia pastoris for the purpose of manufacturing pre clinical and clinical active material. This model predicts that product 
yields will be the greatest when the specifi c growth of the culture is maintained at a steady and optimal rate. However, 
rOvIFN-τ yields did not meet the expected linear model but most closely corresponded to a poly nomial relationship. After 
transitioning from glycerol to methanol, product accumulated for 31–45 h, and then the yield decreased. This production 
shift, which has been termed decoupling, was clearly related to time on methanol and not culture density. It was determined 
that a correlation exists between the decoupling point and a drop in energy state of the cell when expressing β-galactosidase. 
By assigning decoupling as a constraint that limits productivity and by reformulating the growth medium, the time prior to 
decoupling increased to 46.8 ± 2.4 h, product yield im proved for rOvIFN-τ from 203 to 337 mg l−1, and the coeffi cient of 
variation for yield decreased from 67.9 to 23.3%. A robust and stable fermentation process was realized, resulting in a 210% 
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cessive that downstream processing parameters were se-
verely impacted. As such, the process as originally devel-
oped by Van Heeke et al. (1996) could not be validated as 
required by the US Food and Drug Admin istration (CFR-
FDA) for biopharmaceuticals destined for human health 
care purposes. 
Higher product yields for many recombinant proteins 
have resulted by developing a model for methanol uti lization 
and then using that model to predict and control specifi c 
growth rates (Kobayashi et al. 2000; Zhang et al. 2000b; 
d’Anjou and Daugulis 2001). When this fermen tation strat-
egy was applied to the rOvIFN-τ process, maximal yields 
occurred at an optimal and constant culture growth rate of 
approximately 0.025 per hour (Sinha et al. 2003). Yet, prod-
uct yield maximums were variable and shifted from accu-
mulation to loss as early as 28 h for some processes and 
well past 45 h for other fermentations. Simply decreasing 
the production time could not remedy this problem because 
productivity would also decrease due to the broad range of 
peak production times. It was thus hypothesized that the ex-
pression of recombinant protein is regulated downstream 
from gene transcription. The prevailing tenet is that the 
AOX1 promoter is derepressed when methanol is present, 
and both AOX1 and the recombinant gene are constitutively 
expressed. This precept may be false because studies with 
Escherichia coli (Wood and Peretti 1990) and the methy-
lotrophic yeast Hansenula polymorpha (Velkov et al. 1999) 
have shown that recombinant protein expression is limited 
somewhere downstream from transcription. If P. pastoris 
expression systems respond to recombinant protein synthe-
sis in a similar manner, then strain and process improve-
ments must be directed toward minimizing the metabolic 
limitation. This work builds upon the previously cited stud-
ies by evaluating the yield profi les of rOvIFN-τ, and then of 
β -galactosidase, to determine if a shift in the cell’s physiol-
ogy correlates to the shift in the yield profi le. More specifi -
cally, by monitoring adenylate energy charge (AEC) of the 
cul ture during the production phase, it was determined that 
the decoupling point correlated to a drop in the cells’ energy 
state during the production of β-galactosidase. The high cell 
density fermentation process was also evaluated to access if 
a nutrient or metabolic intermediate might be limiting. The 
information generated from these studies was then used to 
increase product yields and to stabilize run-to run variability 
of the rOvIFN-τ fermentation. 
Materials and methods 
Pichia pastoris expression systems 
A research seed bank was prepared from a single cell iso-
late of P. pastoris strain X-33 mut+, (Invitrogen, Carlsbad, 
CA) constructed with two chromosomal inserts under the 
control of the AOX1 promoter for expressing rOvIFN-τ 
(Pepgen, Inc., Alameda, CA). The stock culture, inocu-
lum, and the bench-top fermentations were screened for 
nonhost-viable contaminants (Plantz et al. 2003). P. pas-
toris strain GS-115 his− (Invitrogen) was transformed 
with the plasmid pSAOH5 (James Cregg, Keck Graduate 
Institute, Claremont, CA) containing the lacZ construct 
to produce a mut+, his+ phenotype (Tschopp et al. 1987). 
Stock cultures designated BP5 were derived from a sin-
gle isolate that was screened for genetic stability and pro-
duction of β-galactosidase. 
Chemicals, reagents, and growth medium 
All chemicals used for culture growth were of suitable 
com mercially available grades. Inoculums for bench-top 
fermen tation were prepared with buffered minimal glyc-
erol (BMGY) medium that consisted of (in grams per liter) 
yeast extract, 12.6; soytone, 10; yeast nitrogen base with-
out amino acids, 13.4; and buffered with 100 mM potas-
sium phosphate (pH 6.0). Inoculums for shake-fl ask stud-
ies were grown in yeast extract peptone glycerol (YPG) 
containing (in grams per liter) yeast extract, 5; peptone, 
10; and glycerol, 10; adjusted to pH 5.5. Unless oth-
erwise specifi ed, the bench-top fermentation medium 
was FM22, which was composed of (in grams per liter) 
KH2PO4, 42.9; (NH4)2SO4, 5; CaSO4·2H2O, 1.0; K2SO4, 
14.3; MgSO4·7H2O, 11.7; and glycerol, 40 (Stratton et al. 
1998). Pichia trace minerals 4 (PTM4) salt solution was 
prepared with (in grams per liter) CuSO4·5H2O, 2.0; NaI, 
0.08; MnSO4·H2O, 3.0; Na2 MoO4·2H2O, 0.2; H3BO3, 0.02; 
CaSO4·2H2O, 0.5; CoCl2, 0.5; ZnCl2, 7; FeSO4·7H2O, 22; 
biotin, 0.2; and 1 ml of concentrated H2SO4 (Stratton et al. 
1998). Medium was formulated in 10-l batches to reduce 
between batch differ ences. Sterile fi ltered methanol supple-
mented with 2 ml/l PTM4 salts was prepared for the pro-
duction phase. The buffer used for washing cultures was 
composed of (in grams per liter) KCl, 9; sodium citrate, 
2.9; and 2-(N-morpholino) ethanesulfonic acid (MES), 2.0 
(adjusted to pH 5.5). 
rOvIFN-τ fermentation production conditions 
Inoculums were prepared by transferring 500 μl of thawed 
stock culture to 500 ml of BMGY medium contained 
within stopper baffl ed shake fl asks. The culture was incu-
bated with shaking at 28 ± 2°C for 36–48 h. FM22 medium 
(2 l) was transferred to a fermentation vessel (4-l working 
volume) that was steam-sterilized. The medium was sup-
plemented with 2.0 ml/l of fi lter-sterilized PTM4 solution 
and adjusted to pH 5.0 with saturated aqueous ammonium 
hydroxide. The shake-fl ask inoculums were transferred to 
each fermentation vessel in 120-ml aliquots. Temperature, 
pH, and relative dissolved oxygen (DO) were monitored 
and maintained by the fermentation unit (BioFlo III and 
BioFlo 3000; New Brunswick Scientifi c Co., Edison, NJ). 
The pH was adjusted with saturated ammo nium hydroxide 
as needed. Dissolved oxygen was con trolled by increasing 
the agitation rate to 800 rpm followed by supplementation 
with O2, and the temperature was maintained at 30°C. 
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During the fi rst fermentation phase, the cells were al-
lowed to grow until the batch glycerol was exhausted, as 
indicated by a DO greater than 10% of the set point. The 
glycerol fed-batch phase consisted of feeding 50% (wt/wt) 
glycerol into the fermentor at a rate of 20 g l−1 h−1 (10 g l−1 
h−1 glycerol) for 1 hand ramping down the feed rate to 0 g 
l−1 h−1 over the next 3 h. The glycerol feed rate was con-
trolled by a time-based program included in the BioCom-
mand32 software. The pH was adjusted to 6.0 with ammo-
nium hydroxide during the 4-h glycerol fed-batch phase. 
Transition to methanol was accomplished by adding 1.5 
g l−1 methanol to the fermentor at the start of the glycerol 
ramp down period. Conversion to growth on methanol was 
confi rmed by monitoring residual methanol levels in the off-
gas. The transition period was considered complete when 
the detection limit of the sensor (PTI Instruments, Kathleen, 
GA) was reached at approxi mately 0.01 g l−1. The feed rate 
of the methanol was con trolled as described by Zhang et 
al. (2002) and applied to rOvIFN-τ production as described 
by Sinha et al. (2003). Briefl y, methanol control equations 
were programmed with New Brunswick Scientifi c Bio-
Command32 supervisory software. Methanol consumption 
was controlled by a closed-loop system consisting of a vari-
able-speed Watson–Marlow feed pump (model 101 U/R, 
England), a Mettler Toledo balance for weighing methanol 
(model PG12001-s, Switzerland) and a controller interface 
with the BioCom mand32 software. Temperature, pH, and 
DO were main tained at set points of 30°C, 6.0, and 40%, 
respectively, throughout the production phase. 
Fermentation analysis 
Culture growth rate and cell mass were determined by col-
lecting samples at regular intervals and centrifuging the 
suspension in preweighed conical tubes. After decant-
ing the supernatant, duplicate samples of cell mass were 
measured gravimetrically and recorded as wet cell weight 
(WCW) per liter. The volume of cell broth was monitored 
by shutting off the agitator and measuring the settled sus-
pension against calibrated 0.25-l graduations marked on 
the fermentor vessel. 
The specifi c growth rate (μ) was determined by integrat-
ing over a time period of t0 to t according to the equation 
for growth in a fed-batch system, 
  d(XV) = μXVdt    (1) 
producing an exponential equation of the type y = aeμt . 
The specifi c rate of product formation, ρ (mg rOvIFN-τg 
WCW−1 h−1), was obtained from the slope of the linear 
plot of total yield rOvIFN-τ (J) vs (XV−X0V0)/μ, where X 
and V, and X0 and V0, are the density of cells and volume 
of the fermentor at the end and initiation of the methanol 
feed profi le, respectively (Zhang et al. 2000b; Sinha et al. 
2003). 
Recombinant ovine interferon tau yields were measured 
by high-performance liquid chromatography (HPLC). The 
supernatants collected from the WCW measurements were 
fi ltered through a 0.45-μm syringe fi lter and stored frozen 
at −20°C until analyzed. Reverse-phase HPLC was per-
formed with a Vydac C4 column (4.6 mm × 150 cm) (Co-
lumbia, MD), a 484 Waters UV-Vis detector, and a Wa-
ters 626 LC pump (Milford, MA). Mobile phase A was 
prepared with 90% water, 0.1% trifl uoroacetic acid, and 
10% acetonitrile, whereas mobile phase B was prepared 
with 10% water, 90% acetonitrile, and 0.1% trifl uoroace-
tic acid. Samples were placed in a Waters 717 autosampler 
and maintained at 4°C prior to injection. After a sample in-
jection of 100 μl, the column was fl ushed for 5 min with 
100% A at a fl ow rate of 1 ml min−1 followed by a linear 
gradient to 100% B over 30 min that was held at 100% B 
for another 5 min. The rOvIFN-τ peak eluted at a retention 
time of 22–23 min, as detected at wavelength 280 nm. A 
well-characterized rOvIFN-τ standard was used to generate 
a calibration curve. 
Analysis of adenylate energy charge 
BP5 cultures were fi rst grown on FM22 with 4% glyc-
erol supplemented with PTM4 salt solution. A washed sus-
pension of cells was transferred to 0.1× FM22/PTM4 de-
fi ned medi um at a targeted concentration of 5 OD600 ml
−1. 
After adding 0.01% methanol, the cells were transferred 
to a 250-ml baffl ed shake fl ask in 50-ml aliquots. Metha-
nol was added intermittently to sustain growth. At the in-
dicated time points, 2-ml samples were removed and trans-
ferred into 4 ml of boiling water to quench metabolism and 
lyse the cells (Babul et al. 1993). A maximum of 1 min 
elapsed between collecting the sample and quenching. The 
samples were boiled for 5 min, rapidly cooled on ice, cen-
trifuged, and supernatants were evaporated to dryness with 
a cen trivap. Like samples were pooled into 500 μl of nano-
pure water and stored frozen at −20°C. Molar quantities of 
each adenylate were determined by the Waters HPLC instru-
mentation system described above. Adenylates were iden-
tifi ed by matching the retention times and evaluating peak 
heights between the preset scan limits and the expected ab-
sorption maximum of 254 nm. Mobile phase A consisted of 
100 mM potassium phosphate and 8 mM tetrabutyl ammo-
nium phosphate, whereas mobile phase B was prepared as 
30% methanol, 100 mM potassium phosphate, and 8 mM 
tetrabutyl ammonium phosphate. A Vydac (4.6 × 250 mm) 
C-18 column was equilibrated with mobile phase A for 15 
min between each injection at a fl ow rate of 1 ml min−1. The 
gradient run conditions were 0 min, 10% B; 0–10 min, 10–
23% B; 10–15 min, 23% B; 15–16 min, 23–50% B; 16–26 
min, 50% B; 26–27 min, 50–75% B; 27–32 min, 75% B; 
32–33 min, 75–100% B; 33–43 min, 100% B. The stability 
of the samples stored in the auto-injector was confi rmed by 
comparing chromatograms of a sample injected at the start 
of each series and at the end of that series. No changes in re-
tention times or peak profi les were observed. The AEC was 
calculated according to Atkinson and Walton (1967). 
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β-galactosidase assay 
This assay was completed as described by Miller (1992) 
for E. coli. O-nitrophenyl β-D-galactopyranoside (ONPG) 
(Sigma, St. Louis, MO) was dissolved at 4 mg ml−1 in Z-
buffer, which contained (in grams per liter) Na2HPO4·7H2O, 
16.1; NaH2PO4·H2O, 5.5; KCl, 0.75; MgSO4·7H2O, 0.246; 
and β-mercaptoethanol, 2.7 ml. To minimize background 
interference, samples of culture broth were diluted to 0.05 
OD600 ml
−1. Chloroform and 0.1% sodium dodecyl sulfate 
were added to the assay solution at 20-and 10-μl aliquots, 
respectively. The test tube was mixed briefl y and preincu-
bated at 28 ± 1°C for 5 min. ONPG was added to each test 
tube in 200-μl aliquots and incubated until a yellow color 
appeared. The reaction was stopped with 500 μl of 1 M 
NaCO3, and the reaction time was recorded. 
Results 
Baseline data for cell growth and rOvIFN-τ yields 
Five replicate bench-top fermentation runs were completed 
with the standard FM22 medium and PTM4 salts to gener-
ate culture growth and rOvIFN-τ yield baseline data. With 
the growth culture rate set to 0.025 per hour, the WCW in-
creased from 143 ± 12 g l−1 at the transition phase to 456 
± 42 g l−1 after 60 h of methanol feeding. A quasi steady 
state for culture growth rate was maintained, as evidenced 
by the regression line of cell yield vs elapsed time on meth-
anol (Figure 1). The controlled process produced a mean 
μ of 0.026 ± 0.002 per hour, with a R2 value of 0.95 and 
low run-to-run variability, as indicated by the residual val-
ues clustered close to the regression line. The stability of 
culture growth rate for this process was evaluated by ana-
lyzing the data plotted as “experimental vs predicted” and 
“residuals vs predicted” (data not presented). The experi-
mental values were clustered close to the diagonal, and the 
residuals were randomly scattered with no apparent het-
eroscedasticity, indicating that μ did not change signifi -
cantly over the entire production phase. Temperature, DO, 
pH, the rate of methanol utilization, and the total amount of 
methanol fed to the culture were continuously monitored 
and recorded. In the event that the temperature, DO, or pH 
were not maintained at the designated set points, the exper-
iment was repeated. 
To compare the experimental product yields with those 
predicted by the growth-associated model, the yield of 
rOvIFN-τ vs the change in cell mass normalized to μ was 
plotted (Figure 2) as described by Zhang et al. (2000b) and 
Sinha et al. (2003). Although a linear relationship was ex-
pected (Figure 2, soft dash), the data most closely fi t a sec-
ond-order polynomial relationship (Figure 2, solid curve). 
The maximum mean total product yield of 447 ± 154 mg 
was reached when the total culture density was 805 ± 221 
g WCW, which occurred 38.5 ± 6.7 h after the start of the 
methanol profi le. Considering that the total cellular capac-
ity of the vessel was 1,800 g WCW in 4 l of broth, the 
maximum yield was reached when the productive capacity 
of the vessel was at 45% of the maximum. However, the 
rOvIFN-τ yield data corresponded to a growth-associated 
model from the point of methanol adaptation to the yield 
maxima (Figure 2, hard dash line). For this segment of the 
production curve, ρ was 0.025 ± 0.014, with R2 = 0.58. The 
deviation from the growth-associated model occurred after 
the decoupling point. 
Figure 1.  Culture growth and 2000 product yield 
data for P. pastoris X-33 mut+ expressing rOvIFN-τ. 
Data are plotted at each time point as the total yield 
for either cell mass (▲) or rOvIFN-τ (□). The dashed 
line shows the regression curve generated from the 
aggregate cell mass data
Figure 2. Yield model for rOvIFN-τ. Yield of product (■) from fi ve 
replicate baseline fermentations plotted as a function of changing 
culture density normalized to specifi c growth rate [(XV−X0V0)/μ]. 
The rate of total vessel product accumulation (mg rOvIFN-τ ×h−1) 
is calculated from the slope of the regression lines. The solid curve 
is the best fi t for the data. The large hash (––) is the regression line 
for the data prior to decoupling. The dashed extension (--) shows the 
predicted yield if ρ had fi t the growth-associated model over the en-
tire methanol feed profi le. 
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Infl uence of time and culture density on the 
decoupling point 
To confi rm that time on methanol, and not culture density, 
was infl uencing the decoupling point, three fermentations 
were transitioned from glycerol to methanol at low, me-
dium, or high culture density relative to each other. Prod-
uct yields were compared as either a function of time or 
culture density (Figure 3). With respect to time after tran-
sition to growth on methanol (Figure 3a), the yield decou-
pled from growth at 34.5, 37.0, and 34.0 h [mean = 35.2 
h; standard deviation (SD) = 1.6 h] for the low, medium, 
and high cell density fermentations, respectively (Figure 
3b). Relative to culture density (Figure 3b), product yield 
decoupled from growth at 221 g l−1 WCW (low culture 
density), 373 g l−1 WCW (medium culture density), and 
462 g l−1 WCW (high culture density) (mean = 352 h; SD 
= 122). The coeffi cient of variation (CV) for these two 
data series were 5.0% and 34.6%, which confi rms that de-
coupling is the outcome of time on methanol and not cul-
ture density.
Changes in energy state
The transformed GS115-mut+ strain, designated BP5, was 
used to monitor the energy state of the cell because a large 
number of samples could be rapidly assayed for β-galacto-
sidase. Compared to quasi-steady-state fed-batch fermen-
tations, shake fl asks are poorly controlled with respect to 
growth rate and pH. Still, a constant growth rate of  0.051 
per hour was maintained to the expected maximum sus-
tainable culture density, indicating that methanol was not 
limited during exponential growth. The yield of β-galac-
tosidase per cell reached a maximum between 12 and 24 
h, although culture growth continued to 48.5 h (Figure 4). 
Just after the glycerol-to-methanol transition, but before 
any signifi cant growth or β-galactosidase had been de-
tected, the AEC of the culture was 0.75 ± 0.02 (Figure 5). 
The AEC stabilized at approximately 0.70 for the next 12 
h and then dropped to 0.60 ± 0.05, a signifi cantly lower 
value compared to the initial AEC value (p = 0.005). The 
AEC decreased primarily because adenosine triphosphate 
(ATP) decreased and adenosine diphosphate (ADP) in-
creased, whereas adenosine monophosphate (AMP) re-
mained fairly constant to the 25-h sample (Figure 6d). 
The ADP and ATP peaks could not be resolved at the 25-h 
sample and thereafter because of additional peaks present 
in the chromatogram.
Figure 3. The relationship between the feed time of methanol (a) and 
culture density (b) on the yield of rOvIFN-τ. Three otherwise identi-
cal fermentations were transitioned from glycerol to methanol at low 
(♦), medium (■) or high (▲) culture densities relative to one another. 
The decoupling point occurs at nearly the same point after the transi-
tion from glycerol to methanol, while the culture density appeared to 
have no effect on the decoupling point.
Figure 4. Growth curve and yield for β-
galactosidase. The data were obtained 
from four replicate fl asks at each time 
point, and the error bars show 1 standard 
deviation from the mean (n = 4). After 
the adaptation phase was completed, the 
culture grew at a specifi c growth rate of 
0.0511 per hour (▲). The yield of β-ga-
lactosidase (-■-) is shown as a function 
of the optical density.
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Improved basal salt medium
Prior to developing the culture growth and product yield 
model for rOvIFN-τ (Sinha et al. 2003), studies were com-
pleted with basal salt metal (BSM) (Stratton et al. 1998) 
and Pichia trace metal 1 (PTM1) to establish optimal pH 
and temperature set points (data not presented). At that 
time, higher rOvIFN-τ yields were obtained by replacing 
BSM with FM22 and PTM1 with PTM4, and by reducing 
the amount of PTM4 from 12 to 2 ml l−1. These improve-
ments suggested that that the medium formulation could 
be optimized to improve yield. The FM22 growth medium 
was thus reformulated to (in grams per liter) KH2PO4, 
25.7; (NH4)2SO4, 5; K2SO4, 8.6; MgSO4·7H2O, 16.4; and 
CaSO4·2H2O, 1.4, and sodium citrate was added at a fi nal 
concentration of 20 mM to reduce metallophosphate pre-
cipitates. PTM4 salt levels were lowered to 1.2 ml l−1 bolus 
from 2 ml l−1 into the vessel and as a supplement into the 
Figure 5. Changes in the energy state during expression of β-galac-
tosidase. Changes in the energy state of the cell are refl ected in the 
adenylate pool size (♦ AMP, ▲ ADP, × ATP) and adenylate energy 
charge (■). Error bars show 1 standard deviation from the mean col-
lect from four separate, replicate fl asks.
Figure 6. HPLC profi les of ade-
nylate metabolic pools during 
expression of β-galactosidase. 
Each injection represents the ex-
tractable contents from 3.2 ODU 
of cell mass. The samples were 
obtained at 1.5 (a), 8 (b), 12 (c), 
25 (d), 48 (e), 60 (f), and 72 h (g) 
after the transition from glycerol 
to methanol.
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methanol. For the purpose of reducing metallophos phate 
precipitates, the salt solution was prepared in 20 mM so-
dium citrate. With the reformulated medium, the solution 
remained clear at a pH of 6.5, a value above the expected 
maximum process pH. A growth experiment using citrate 
as the sole carbon source verifi ed that citrate could not be 
utilized as a carbon source. 
Optimized process 
The fermentation for rOvIFN-τ was redesigned with the re-
formulated medium so that the maximum vessel capacity 
for cell mass and volume (XmaxVmax) would be reached ap-
proximately 37 h after induction of the AOX1 promoter. 
Three fermentations were then extended beyond this time 
to evaluate whether the optimized process conditions af-
fected the onset of the decoupling point. A mean value for 
μ of 0.022 ± 0.004 per hour was maintained throughout the 
entire methanol feed profi le. Moreover, two of the three 
fermentations maintained a positive steady-state produc-
tion rate through to harvest. The process that decoupled did 
so after 44 h into the methanol feed profi le. When the yield 
data were plotted against changing culture density normal-
ized to growth rate, as described above (data not shown), 
a linear relationship with a constant productivity rate of 
0.023 ± 0.006 μg g−1 WCW h−1 (R2 = 0.89) was obtained. 
The t test was performed to determine whether a sig-
nifi cant difference existed between the parameters for the 
baseline and optimized processes (Table 1). Although prod-
uct yields (on a per-liter basis) increased from 203 ± 138 to 
337 ± 79 mg l−1, there was no signifi cant difference at α 
= 0.05. This lack of signifi cance can be attributed to high 
variability of the baseline runs. In addition, there was no 
signifi cant difference in the rate of productivity (p = 0.764, 
α = 0.05). However, total yields increased signifi cantly 
from 559 ± 262 to 1404 ± 305 mg, while variability be-
tween runs decreased, as indicated by the SD values for the 
critical control points. 
Discussion 
The prevalent paradigm for P. pastoris host systems is 
that recombinant proteins will be produced as long as the 
AOX1 promoter remains derepressed. The fermentation 
strategy typically used for these systems favors a long pro-
duction phase because product yields are expected to accu-
mulate throughout this period (Cregg et al. 1987; Byrne et 
al. 2000; Files et al. 2001). For some recombinant proteins, 
proteolytic degradation may be problematic. If so, this ac-
tivity was considered all or nothing in that the recombinant 
protein was either susceptible to endogenous proteases or 
it was not. Should this condition exist, the use of protease 
inhibitors or protease-defi cient strains might alleviate the 
problem, and extended production phases are again favored 
(Gleeson et al. 1998; Li et al. 2001). Yet, the yield profi le 
of rOvIFN-τ did not fi t these existing precepts. During the 
initial production phase, product did accumulate as pre-
dicted by a growth-associated model (Zhang et al. 2000b), 
but yields dropped dramatically at an average time of 38.5 
± 6.7 h. Because product formation by a biological system 
is the outcome of many coupled enzymatic steps, the point 
at which production shifted from product accumulation to 
loss was designated as the decoupling point. 
An unstructured model allows for greater process con-
trol because mean values and acceptable ranges for the 
state variables, culture growth, and product yield can be 
as signed according to the model. Process values can then 
be compared for acceptance. Underlying the growth asso-
ciated model is the assumption that ρ will remain constant 
as long as culture growth remains as quasi steady state 
(Zhang et al. 2000b). The decoupling point indicates that a 
shift from steady state occurred for both the rOvIFN-τ and 
the β-galactosidase production. In addition, stability of the 
rOvIFN-τ baseline fermentations was exacerbated by high 
run-to-run variability for the product yield parameters, al-
though the culture growth rate parameters were highly re-
producible (Figures 1 and 2). Because the 30-to 54-h time 
range represented one doubling of the culture density, and 
ρ ranged between 0.015 and 0.047 mg g−1 WCW h−1, as-
signing a stop time simply based on a shortened production 
time would still have resulted in a highly variable process 
in terms of product yield and predicting the appropriate 
stop time. 
Studies have shown that the energy charge of a cell is 
affected by recombinant protein expression. Katakura et 
al. (1998) reported that the energy charge of P. pastoris 
de creases during the production of recombinant human 
β2 -glycoprotein I domain V. Similarly, Trentmann et al. 
(2004) showed that limiting μ by limiting oxygen, which 
alters carbon fl ux rates, improves the stability of the E. coli 
fi mbriae antibody fragment expressed in P. pastoris. These 
reports suggest that methanol cannot support the carbon 
and energy demands to sustain both growth and recombi-
nant protein production. When the energy state of P. pas-
toris was evaluated during the production of recombi nant 
Table 1. Comparison of optimized process to the baseline 
a Baseline data from the fi ve runs also listed in Table 1 
b Medium used is 0.6× FM22 but with 1.4× magnesium and calcium. 
The PTM4 salts were also reduced to 0.6× of the baseline 
c The t test was used to determine if the difference was signifi cant
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β-galactosidase in our laboratory, the AEC dropped signif-
icantly between 12 and 25 h after adapting the culture to 
methanol. Although the production rate of β-galactosi dase 
into the cytosol was not modeled (Figure 4), the pattern 
for product yield closely followed that for rOvIFN-τ (Fig-
ures 1 & 2). A similar production pattern was observed for 
the intracellular production of the heavy chain fragment of 
the botulinum neurotoxin fragment C (Bot C) (Zhang et 
al. 2000b). In that study, product accumulated in the cyto-
sol for the fi rst 12 h following induction. The major differ-
ence between the Bot C and β-galactosidase yield curves 
was that the former material did not degrade. In combi-
nation, these studies suggest that a regulatory mech anism 
other than repression/derepression of the AOX1 promoter 
by methanol. If so, the cell must sense a change in its met-
abolic state and either down-regulate recombinant pro-
tein synthesis downstream from transcription or up-regu-
late proteolytic pathways. The latter event is supported by 
Sinha et al. (2004), who demonstrated that protease lev-
els increased late in the production phase. Down-regula-
tion of recombinant proteins has not been tested in P. pas-
toris, but work completed with the methylotrophic yeast 
H. polymorpha showed that the expression of E. coli β-
galactosidase resulted in down-regulating the H. polymor-
pha AOX1 homolog methanol oxidase, and subse quently, 
β-galactosidase (Velkov et al. 1999). 
Adenylate pools also directly infl uence protein synthe-
sis and secretion. When the AEC in liver cells decreased 
from 0.90 to 0.80, a half-maximal rate of L-[1-14C] leucine 
incorporation into protein occurred, whereas an AEC drop 
of 0.85 from 0.90 resulted in protein secretion at half the 
maximal rate (Edwards et al. 1979). ATP is required for 
transporting secreted proteins from the reticulum system to 
the Golgi complex (Jamieson and Palade 1968). Depletion 
of ATP also leads to translational errors and the premature 
release of truncated proteins, which are then targeted for 
degradation by the ubiquitin pathway and the proteosome 
(Chuang et al. 2005). We have shown that a signifi cant as-
sociation exists between the decoupling point and a drop in 
the AEC (Figure 5). By using HPLC rather than enzymatic 
methods to quantify the AEC, these studies further demon-
strate that the metabolic profi les of the cells shift signifi -
cantly as production progresses (Figure 6). Comparison of 
our fi ndings with the AEC studies reported by Edwards et 
al. (1979), Chuang et al. (2005), and Jamieson and Palade 
(1968) suggests that adenylates may either signal a shift in 
carbon fl ux or may directly regulate recombinant protein 
and/or protease synthesis. 
The stability of the fermentation was also impacted by 
the availability of trace metals, which were adjusted by ei-
ther changing their levels or by increasing their solubil-
ity by the addition of citrate. Our preliminary results agree 
with Brady et al. (2001), who reported higher yields of re-
combinant P30P2mSP119 with decreasing cation levels in 
the medium. Modifi cations to the basal salts and the lev-
els of PTM4 salts resulted in a signifi cant increase in pro-
cess productivity on both a per-liter and, more signifi cantly, 
a per-vessel basis. Moreover, run-to-run variability de-
creased due to the changes made to the trace metals, as evi-
denced by the lower CVs for ρ (26% from 56%), yield on a 
per-liter basis (23–68%), and for the predicted harvest time 
(decoupling) (5% from 16%). How the trace metals may 
be infl uencing metabolism and protein yield was not de-
termined, but the data show that further process improve-
ments may be gained by completing more thorough studies 
to optimize the trace metals and magne sium salts. 
In conclusion, our work demonstrates the importance of 
understanding both the physiological state of the cell and 
the effects of growth parameters when developing P. pas-
toris mut+ fermentation processes. The quasi-steady- state 
model proposed for the Bot C (Zhang et al. 2000b) and the 
rOvIFN-τ production (Sinha et al. 2003) appeared correct 
in that no apparent shift in the growth rate occurred. How-
ever, our data indicate that a shift in cell physiology occurs, 
and the fl ow of carbon needed to produce recom binant pro-
tein then shifts to sustain growth. By under standing that the 
decoupling point is related to time on methanol rather than 
culture density, improvements to the rOvIFN-τ fermenta-
tion in terms of product yield and process stability was ac-
complished by extending the production period prior to the 
onset of the decoupling point. 
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